Background and Purpose. Gait training with partial body weight support has been used to improve gait. In this study, changes in gait relative to speed, cadence, stride length, and percentages of stance and swing for both lower extremities (LEs) during comfortable walking, fast walking, and running were studied in a subject with an incomplete C-5 on C-6 spinal cord injury. Subject and Methods. A single-subject experimental design was used. Following a 6-week period of baseline measurements taken at various intervals (phase AT), the subject ambulated on a treadmill three times a week for 6 weeks with 32% of his body weight supported (phase B). Phase B was followed by a 3-week period without treatment during which measurements were taken at various intervals (phase MI). Gait variables were measured once a week during comfortable walking, fast walking, and running. Heart rate was monitored during treadmill training. Results. During comfortable walking, fast walking, and running, improvements were seen in gait speed. During running, improvements also were seen in stride length and percentages of stance and swing for the right LE. The largest changes were recorded during running. Smaller changes were recorded during comfortable walking and fast walking. Conclusion and Discussion. These results justify testing the efficacy of this technique with larger groups of subjects with neurological impairments. [Gardner MB, Holden MK, Leikauskas JM, Richard RL. Partial body weight support with treadmill locomotion to improve gait after incomplete spinal cord injury: a single-subject experimental design. Phys Thm. 1998; '78:361-3'74.1
I
ncomplete spinal cord injury often results in gait patterns that are associated with a poor capacity to bear weight through the lower extremities and in an altered swing
Other neurologic impairments also can cause gait deviations due to inadequate weight acceptance by the lower extremities during the stance phase and due to decreased flexion of the hip, knee, or ankle during the swing p h a~e .~-~ Deficits in weight acceptance, single-limb stance, and limb advancement are secondary to impairments in strength and motor control associated with neurological damage. These deficits are often severe enough to cause a delay in the initiation of gait training in the upright position. Gait training for persons with such deficits often focuses on training them to bear weight, shift weight, and balance as isolated tasks before these tasks are incorporated into locomotion. Gait deviations, however, often persist following conventional gait training. 5 Finch and Barbeaug proposed an alternative method of gait training for persons with neurological impairments, a method that allows simultaneous retraining of the various components of gait during actual locomotion and that theoretically facilitates the expression of a more normal gait pattern. During this training, the person's body weight is partially supported by an overhead harness as he or she walks on a treadmill at his or her maximum comfortable speed.
The rationale for this training is, at least in part, based on research on spinal mechanisms in animals. The generation of cyclic locomotor patterns can be attributed in some animals to rhythmic neural activity produced by central pattern generator (CPG) networks in the brain stem or the spinal cord, or both.lO.ll GrillnerI2 demonstrated that kittens whose spinal cord was transected at the low thoracic level 1 week after birth were able to walk 2 days later when their hind limbs were held on a treadmill. Smith13 studied cats with T-12 lesions and found the stepping mechanism to be well preserved 5 to 6 months postsurgery when the cats were supported while walking on a treadmill. Rossignol et all4 found progressive recovery of locomotion in spinalized adult cats after weeks of supported walking on a treadmill. Barbeau and Rossignol15 demonstrated the recovery of near-normal locomotor patterns in cats spinalized (T-13) as adults following an "interactive locomotor training" program. This program consisted of appropriately graded weight support during treadmill locomotion. Finch and Barbeaug proposed that the postural stability and balance required for gait in humans may be gained by a strategy of partial to full weight bearing in combination with training on the treadmill aimed at recovery of the stepping mechanism.
Partial body weight support (PBWS) during locomotion on a treadmill has been used in the treatment of persons with neurologic deficitsI6-l8 and other clinical conditions such as lower-extremity fractures,Ig oste~arthritis,~~ and lowerextremity amputations." Improvements in temporaldistance gait variables have been shown during locomotion with PBWS in persons with hemiplegia,16 spinal cord injuries," and cerebral palsy.laese variables include gait speed, cadence, and stride length in addition to percentage of time spent in the stance and swing phases of gait. Pillar et all6 studied subjects with hemiplegia as they ambulated with PBWS on a walkway located between parallel bars. The results indicated that gait speed during pared with gait speed during ambulation with full weight bearing. The percentage of time spent by the involved lower extremity during the stance phase of gait increased, and the percentage of time spent on the involved lower extremity during the swing phase decreased during ambulation with PBWS. Visintin and Barbeaul7 found that people with spasticity (eg, presence of clonus and stiff lower-limb movements, with decreased angularjoint excursions at 0% of body weight support) resulting from spinal cord injuries demonstrated more normal gait patterns during treadmill locomotion when a percentage of their body weight was supported. The subjects had increased walking speed, stride length, and single-limb support time and decreased double-limb support time. Kinematic data indicated improved trunk and knee alignment during stance. Subjects who walked with trunk and knee flexion at 0% of body weight support showed trunk alignment at or near neutral (0") and greater knee extension (35"-15" of flexion) during stance at 40% of body weight support. Van Faassen and MolenZ2 concurred that when subjects with neurological impairments ambulated with only a partial load, their stepping was facilitated and functional training of the involved lower extremities could be enhanced.
The theoretical basis for locomotion with PBWS is well e s t a b l i~h e d ,~~ and the preliminary results using this approach in humansl6.l7.22 are promising. Only the immediate effects of gait performance during treadmill locomotion with PBWS have been reported Whether this method of gait training will have both short-and long-term carryover to walking off a treadmill has not been studied. Transfer of training from a treadmill to regular ambulation cannot be assumed. For example, when walking on a treadmill, push-off is assisted by movement of the treadmill belt and less plantar-flexor activity is required. The passive support provided by the harness during treadmill locomotion with PBWS also may prevent the person from maintaining the postural support and balance responses that are needed during unsupported locomotion. Moreover, the difference in the amount of weight born by the lower extremities during ambulation with PBWS versus unsupported ambulation could result in learning a motor pattern that is different from that used during unsupported ambulation. Finally, the visual input from the environment is different in the two situations. During treadmill locomotion with PBWS, the ground moves relative to the subject and the visual surround is stable. During real-world an indepth study, over several months, using a singlesubject experimental design. Our hypothesis was that gait training using a treadmill and PBWS would result in improvements in the subject's gait performance off the treadmill for gait speed, cadence, stride length, and percentages of stance and swing for both lower extremities, both during treatment and during follow-up periods.
Method

Research Design
A single-subject experimental design with an A-B-A strategy was used.2Vhase A1 was the baseline phase (6 weeks), phase B was the treatment phase (6 weeks), and phase A11 was the treatment-withdrawal phase ( 3 weeks).
Subject History
Because most of the experiments that formed the basis for the intervention used in this study were performed on spinalized animals, a subject with an incomplete spinal cord injury was recruited. To limit the potential influence of spontaneous recovery, selection criteria included that the subject be greater than 6 months postinjury and discharged from regular physical therapy due to lack of improvements for greater than 1 month.
The subject was a 28-year-old man who sustained a traumatic hyperflexion injury to the celvical spine, with subluxation of G 5 on C-6 and resultant incomplete quadriplegia, 7 months prior to participation in the study. Four days postinjury, the subject was placed in a halo brace and underwent posterior fusion of G 5 and C-6. Initially, the subject's bilateral upper-extremity strength, as determined by manual muscle testing,'%as 4 for shoulder flexion, 4 to 4+ for elbow flexion and extension; 3+ to 4+ for wrist flexion and extension; and 0 to 1 for finger flexion and extension, except for 2-for the left extensor indices. The subject's bilateral lowerextremity strength was 2-to 2 for hip flexion; 2-for hip abduction, knee flexion, and ankle plantar flexion; 4 for left knee extension and 4+ for right knee extension; and 1 for ankle dorsiflexion and great toe extension. The measurements obtained by manual muscle testing have been shown to be reliable.26~27 The subject was dependent in all aspects of functional mobility. locomotion, the subject moves relative to both the After 10 days in an acute care hospital, he received 2 ground and the visual surround, thus generating a months of inpatient rehabilitation. He was discharged to radially expanding optic flow pattern.
his own apartment, and he was able to ambulate independently for short distances on level surfaces indoors Our approach to answering the question of whether gait with use of Loftstrand crutches and a custom-molded training on a treadmill with PBWS would have carryover to hinged ankle-foot orthosis for his right lower extremity. improve gait performance off the treadmill was to conduct He continued outpatient physical therapy for 3 months.
The subject was given a home program and was discharged from physical therapy approximately 6 weeks prior to the start of this study. Before his injury, the subject had been active in many sports, including baseball, basketball, tennis, football, and golf.
At the start of the study (7 tion while attempting to dorsiflex the right ankle.
He was able to ambulate independently on level surfaces, ramps, and curbs without an assistive device or orthosis for 45.7 m (150 ft) without resting. Many gait deviations were evident, including delayed initiation and prolonged duration of right lower-extremity swing, absent push-off, decreased stance time on the right lower extremity, and a decreased cadence as compared with normal l o c~m o t i o n .~~ He was able to ascend and descend eight stairs with reciprocal motion of the lower extremities without using a rail or device, but he did so slowly and with mild dyscoordination. Although he was "functionally independent" in all locomotor activities, his gait remained markedly impaired in comparison with his gait before injury. He was unable to "keep up" with friends while walking, and he was unable to run or participate in any of his prior sports activities, with the exception of an occasional round of golf. Prior to participation in the study, the subject read and signed an institutionally approved informed consent form.
Weight Relief System
Gait training with PBWS required the following equipment: (1) a weight relief system,* (2) a Challenger 3.0 treadmill,+ (3) a Gravity Lumbar Reduction (GLR) vest,: (4) free weights, and (5) a scale. The subject was supported in the GLR vest by attachment to an overhead pulley and free weight system. The GLR vest was chosen because it supported the subject primarily at the upper abdomen and ribs and appeared to not interfere with lower-limb and pelvic movements. Figure 1 shows a subject without impairments related to ambulation in the experimental setup.
Determination of Body Weight Support
Prior to initiation of the research, two pilot sessions (10 minutes each) of ambulation on the treadmill with PBWS were conducted as follows to determine the amount of body weight support to be used during the intervention phase. The subject weighed 91 kg and began anlbulation on the treadmill with 40% of his body weight supported by the harness. This support was selected as the initial level of weight relief based on the study by Visintin and Barbeau,l7 who observed a loss of heel-ground contact in some subjects when greater than 40% of their body weight was supported by a harness. Our subject was unable to achieve heel-ground contact during ambulation on the treadmill with 40% of his body weight supported by the harness. The level of support, therefore, was reduced until the subject achieved heel-ground contact bilaterally for 10 consecutive steps. The final level of body weight support was 32% (29.5 kg), which then was used throughout the study to unweight the subject.
Gait Measures
Although observational gait analysis (OGA) is used widely for clinical assessment of gait performance, it generally has shown low reliability when testedz9 and data obtained in this manner cannot be quantified easily. 30 In contrast, some temporal-distance measurements of gait performance have been reported as reliable6s31-" and appear to correlate with functional ambulation ~t a t u s .~T h e s e measurements can now be obtained with minimal time, space, and equipment. More complex gait analysis systems utilizing electromyographic, kinetic, and kinematic measures, although ideal in many ways, would have been impractical for our study due to the frequent measurement required by singlesubject design experiments. For these reasons, temporaldistance measures were used to assess gait performance during comfortable walking, fast walking, and running.
We used a Footswitch Stride Analyzer system5 to obtain temporal-,distance gait measurements. The subject placed a shoe insert that contained four footswitches (heel, first and fifth metatarsal heads, great toe) into each shoe prior to ambulation. A wire from each insert connected the footswitches to a recorder located in a belt-pack worn around the subject's waist. The subject wore a light-sensitive switch on his left arm. As he ambulated, lights at the beginning and end of the walkway activated the recorder to start and stop data collection from the footswitches. After each trial, data were downloaded from the recorder to an IBM personal comFuter1l for later analysis. The total weight of the testing equipment worn by the subject was 1.06 kg. The walkway was 10 m long for both comfortable and fast walking and 20 m long for running. Data were collected only during the middle 6 m for walking trials and the middle 12 m for running trials to eliminate speed differences at the beginning and end of the walkway. 
Procedure
During the study, the subject continued his home exercise program of hamstring muscle and heel cord stretching and a program of upper-extremity weight training and stationary bicycle use (1-2 times a week), but he agreed to refrain from starting any new exercise programs until the study was completed.
Experimental Protocol
The subject participated in the study for a total of 15 weeks. Temporal-distance data were collected during forward locomotion on a level corridor surface at three different speeds: (1) comfortable walking, defined as a self-selected comfortable pace, (2) fast walking, defined as the fastest possible walking pace, and (3) running as fast as possible. Three trials at each speed were performed consecutively, with a 2-minute rest between trials. The order of testing (comfortable walking, fast walking, running) was the same for each session so that possible effects of fatigue or practice were constant across sessions. During phase A I (6 weeks), the subject was seen one time per week for collection of baseline temporal-distance gait data only.
During phase B (6 weeks), the subject trained three times per week using the treadmill-PBWS system as described later. Once a week, the subject was tested before and after the treadmill training to assess immediate (pretreatment versus posttreatment) and shortterm carryover (weekly) effects of the treadmill-PBWS training. During phase B, a 10-minute rest was provided between the initial temporal-distance gait test and the treadmill-PBWS training and between the treadmill-PBWS training and the final temporal-distance gait test. All testing and treatment sessions occurred at the same time of day throughout the study.
Phase AII was shortened from 6 weeks to 3 weeks due to a change in the subject's availability for testing. As in phase AI, the subject was seen and tested once per week only for collection of temporal-distance data to determine any effect of treatment withdrawal.
Training Protocol
Gait training sessions on the treadmill during phase B were 20 minutes in duration (followed by a 5-minute cool-down period on the treadmill) and were conducted 3 days per week for 6 weeks. There were 16 training sessions, however, because the subject missed 2 sessions. Heart rate was used to determine whether a training effect that could influence cardiovascular status occurred during gait training. A one-lead electrocardiograph electrode was applied (V2 placement3" prior to each gait training session. Heart rate was monitored only during treadmill training using a Cardiac Function Evaluation machine.' Heart rate data were collected for 15 seconds every 4 minutes using an electrocardiographic printout from the machine. For safety during ambulation, the subject was monitored by a physical therapist and a physical therapy volunteer.
A continuous, progressive-load, fixed-grade method was used to set the time and intensity of treadmill training (Tab. We believed that this protocol was necessary to accommodate the subject's motor impairment and make the training feasible. The treadmill slope remained at 0% throughout the study. The initial treadmill speed was set at 1.5 mph, based on the subject's ability to walk without "scuffing" the right foot at 1.5 mph during the pilot treadmill test. The treadmill speed was increased every 4 minutes until the preset maximum for that session was reached. The maximum speed for session 1 was set at 3.0 mph, based on the subject's mean comfortable walking speed of 2.7 mph during phase AT. For subsequent sessions, the maximum speed was increased by 0.5-mph increments when the subject was able to ambulate with zero scuffs of the involved right foot for 10 consecutive steps during the maximum speed in the prior session. The subject then was given three training sessions to accommodate to ambulation at the increased maximum speed before further increases were attempted. If performance deteriorated during a session, the maximum speed was reduced by 0.5 mph on ' Transkinetics, 110 Shawmut Rd, Canton, MA 02021 the next session. The maximum speed attained during the training phase was 4.5 mph.
Data Analysis
The mean value of three trials for each temporaldistance measure at each of the three speeds (comfortable walking, fast walking, running) for each test session was used in the analysis of the data. Pretreatment data only for phase B were used in the A-B-A comparisons. A separate analysis was performed to compare pretreatment and posttreatment values for phase B.
Between-phase comparison (AI-B-All).
Results were analyzed separately for each gait speed using the visual analysis method36 and the 2-standard deviation band method (2-SDBM)."l3' For visual analysis, the mean values for each gait measure for each session were plotted and compared across phases for any visible trend in performance pattern or magnitude. For the 2-SDBM analysis, the mean and 2 standard deviations for each temporal-distance variable were calculated for phase A1 (baseline) and plotted on a graph, along with individual session values for phase B (intervention). If two or more successive data points in phase B fell outside the twostandard deviation band from phase AT, the changes from phase AT to phase B were considered significant. The same method was used to compare phase B with phase MI. Because the 2-SDBM analysis should not be used with a data series that has a significant autocorrelation coefficient, we evaluated serial dependency in our data using Bartlett's test prior to applying the 2-SDBM analysis. If Bartlett's test was significant, a firstdifference transformation procedure was used to reduce Changes from phase A1 to phase B were slgn~ficant. At least two successive data points In the lntervent~on phase fell outside the 2-standard deviat~on band from ?e baseline phase.
the serial dependency prior to applying the 2-SDBM analysis.
Within-phase comparison fphase Bl. Performance during this treatment phase was analyzed by visual analysis only, which compared pretreatment and posttreatment measurements. Two characteristics were evaluated: (1) within-session pretreatment and posttreatment treadmill training values (an index of immediate treatment effects) and (2) the trend in the pretreatment values over the 6 weeks (an index of short-term carryover effects).
Results
swing for the left lower extremity. Further changes in magnitude of performance for all variables during running were seen when comparing phase AI (baseline) with phase B (intervention). Improvements from phase B to phase AII (follow-up) were observed, as follows:
(1) During comfortable walking, improvements were seen in gait speed, cadence, and percentages of stance and swing for the right lower extremity, (2) during fast walking, improvements were seen in gait speed, cadence, and stride length, and (3) during running, improvements were seen in gait speed and percentages of stance and swing for the right lower extremity. Table 2 lists composite means and standard deviations of each phase for all variables and speeds of locomotion.
Gait Performance
Using the 2-SDBM analysis, differences between phases AI and B were found in gait speed during comfortable Beiween-phase comparison (A/-B-All). Overall, visual walking, fast walking, and running and in stride length analysis of the data comparing phase AI (baseline) with and percentages of stance and swing for the right lower phase B ('intervention) indicated improvements in all extremity during running. Figure 2 illustrates the results measures of gait performance during comfortable walkof the 2-SDBM analysis, which compared data from ing and fast walking except for percentages of stance and phase AI with data from phase B pretreatment sessions for variables that showed differences for comfortable walking and fast walking. Figure 3 illustrates similar data for the running condition. Autocorrelation coefficients for all temporaldistance gait variables, for all speeds of locomotion, between phases A1 and B were not significant. Changes between phases B and AII were not significant for any variable or any speed, as indicated by the 2-SDBM analysis.
week improvements as reflected in pretreatment measurements) during comfortable walking. During fast walking, gait speed showed a pattern of decline for pretreatment and posttreatment immediate treatment effect (Fig. 5) . Gait speed and cadence, however, showed evidence of week-to-week improvements for pretreatment measurements during phase B. In the running condition, pretreatment and posttreatment within-session values showed a decline for gait speed, cadence, and stride length (Fig. 6) . Little or no and swing for the right lower (Fig. 4) . These Table 3 displays the subject's heart rate response at rest and during treadmill-PBWS training for each session (refer to Tab. 1 for corresponding treadmill speeds). Kesting heart rate decreased over the 15-week training period (Fig. 7 ). Training heart rates increased corresponding to the training demand of each weekly treadmill session.
Heart Rate
Discussion
Gait Performance
Based on the visual and statistical analyses of the data, we believe that the results indicate that the treadmill-PBWS treatment. produced improvements in the subject's locomotor abi.lities, mainly in his running performance. We considered the improvements noted in phase B to be due to treatment, rather than to spontaneous recovery or a Hawthorne effect," because (1) the results favored this judgment, (2) the magnitude of improvement during phase B (intenlention) was large, especially for the running condition, and (3) the magnitude of improvement during phase AII (treatment withdrawal) diminished, although the subject retained most gains made during phase B.
Between-phase comparison (AI-B-All).
Were the effects of treadmill-PBWS training on gait performance meaningful? The changes in gait speed during comfortable and fast walking were small and, in our view, probably of minor functional significance. In making this judgment, we considered that the subject's comfortable walking speed of 1.22 m/s during phase AI was just below the value that is often considered to be normal (ie, 1.35 m/s) ,33,39 thus leaving little room for improvement. C o r~o r a n~~ found that the self-selected comfortable walking speed for subjects without impairments related to ambulation was 3.0 mph (1.35 m/s) and that this speed correlated with the lowest caloric cost of walking. The improvement in our subject's comfortable walking speed during phase B (to 1.36 m/s) thus brought him into the normal range. For fast walking, the magnitude of change from phase AI to phase B also was small (0.13 m/s).
Our subject's 0.14m/s increase in walking speed during comfortable walking appears to be small. Changes as minor as this, however, are reported to have functional benefits for persons with less ambulatory independence Resting heart rate during phase B (intervention) than our subject had. Holden et a1,3Vor example, reported gait speed values for 61 subjects with neurological impairments by functional category arid noted differences between functional levels of 0.09 m/s for subjects requiring manual support of body weight versus touch support for balance, 0.14 m/s for subjects requiring touch assistance from one person versus those requiring no human assistance, and 0.26 m/s for subjects who were independent on level surfaces only versus those who were independent on all surfaces. Imms and Edholm40 reported that an improvement in mean gait speed of 0.20 m/s was associated with a change in functional status from homebound to limited outdoor activity and that an increase of 0.33 m/s was associated with a change in functional status from limited to unlimited outdoor activity for subjects who were disabled. Brandstater et a16 reported that an increase of 0.25 m/s correlated with a change from stage 5 to stage 6 on a motor recovery scale for persons with hemiplegia.
In contrast to modest changes in temporal-distance variables during comfortable and fast walking, changes in these variables during running were large enough, in our view, to be of benefit to the subject. For example, mean gait speed during running increased from 5.9 mph in phase A1 to 7.1 mph in phase R and remained nearly the same in phase AII (ie, 7.2 mph). During phase AI, the subject's attempts to run resulted in speeds that were in the upper range of values for fast walking reported for subjects without impairments (ie, 5.0-6.0 mph)," but his gait speeds clearly moved out of the fast-walking range during phase B (ie, 7.1 mph) and were maintained during follow-up. Gait speed, however, remained lower than the speed of 10.3 mph recorded for an age-matched male subject without impairments who was tested under the same conditions (unpublished data). This difference, in comparison with the age-matched subject, suggest5 that the subject would need further gains to resume his prior sport activities, but at least he now could be expected to be able to "keep up" with his friends while ambulating at their normal speeds.
Increased running speed has been reported to result primarily from a n increase in stride length rather than an increase in ~a d e n c e .~] This finding is consistent with our findings that changes in cadence during running appeared to be negligible (Tab. 2) but changes in stride length were greater (ie, a mean increase of 0.4 m from phase AI to phase B). Stride length for normal sprinting has been reported to range from 2.2 to 2.6 m.42 Thus, our subject moved from a below-normal stride length value (1.9 m) during the baseline phase to a low normal value (2.3 m) during the intervention phase.
In contrast to the results for comfortable walking, the changes seen in the percentages of stance and swing during running appear to have consequences for function for two reasons. First, the absolute magnitude is more impressive. The change in percentage of stance from phase AI to phase B represents a decrease of 25.8 milliseconds (10.3%) for the right lower extremity and of 47.5 milliseconds (1 8%) for the left lower extremity. For percentage of swing, the comparable values were a 23.8-millisecond (5%) increase for the right lower extremity and a 45.5-millisecond (10%) increase for the left lower extremity. To achieve the same stance time values as those of an age-matched person without impairments, our subject would have needed a 95-millisecond (38%) decrease in stance time for his right lower extremity and a 11 0-millisecond (42%) decrease in stance time for his left lower extremity. To achieve the same swing time values as those of an age-matched person without impairments, our subject would have needed a 109-millisecond (23%) increase in swing time for his right lower extremity and a 92-millisecond (20%) increase in swing time for his left lower extremity. In this context, the changes observed in our subject's stance and swing times represent a quarter to one half of the change needed to match the values of a person without impairments.
The second important change in the percentages of stance and swing for running was a move toward right and left symmetry during phase B as compared with phase AI, which can be noted by comparing the values for percentages of stance and swing for right and left lower extremities listed in Table 2 . In phase AI, the subject spent more time on his left lower extremity in stance (consistent with right lower-extremity weakness or impairment). In phase B, however, the subject not only reversed that asymmetry, but he actually spent slightly more time on the right lower extremity in stance. Comparable changes were seen for percentage of swing. These changes are notable because improvements in symmetry resulting from gait training are difficult to We believe that a more symmetric gait is more functional because it requires less energy to perform if it is the subject's natural self-selected style.
Abnormal gait in persons with hemiplegia, highly characterized by asymmetry, has been reported to require increased energy as compared with the gait of persons without impairments related to ambulation (61 % average increase in oxygen consumption at comfortable walking speeds) . 45 Within-phase comparison (phase 6). This discussion has focused on the average changes that occurred over the entire Gweek treatment period as compared with the baseline phase. The changes that occurred within the 6-week treatment phase also were of interest to us. The immediate treatment effects (ie, within-session pretreatment and posttreatment values) were, for the most part, negative. That is, for some variables, the subject's performance worsened immediately following treatment with the PBWS and treadmill training. This finding could be the result of two factors. Fatigue might have altered performance (although the subject was given a 10-minute rest in a sitting position to counteract this possibility, and he did not report feeling fatigued). Another factor is a difference in the nature of the motor task in treadmill walking versus level-surface walking. In treadmill walking, the "ground" moves while the subject is stationary in space. In normal walking, however, the subject moves, whereas the ground is stationary. The optic flow patterns received by the subject in normal versus treadmill walking are thus very different. These differences can generate motion aftereffects following treadmill locomotion in which the visual world is perceived to be moving and the subject feels less stable. The subject reportedly experienced these motion aftereffects for durations of 30 to 120 seconds following treadmill locomotion. Again, the rest period was designed to counteract these effects but may have been too brief.
In contrast to the within-session pretreatment and posttreatment values, session-to-session values during the treatment phase showed a pattern of slow, but steady, improvement for comfortable and fast walking (Figs. 2-5 ). We believe that this outcome is a positive result because it supports the idea that true carryover to function occurred. Comparison of the phase B pretreatment performance values for speed with the training speeds used in phase B shows that the PBWS allowed the subject to train at higher speeds than he naturally selected without the PBWS. For example, during weeks 1 and 2 of training, the subject's pretreatment comfortable walking speeds were 2.98 and 3.06 mph, respectively, and the peak training speeds achieved were 3.0 and 3.5 mph, respectively. These training speeds were still below the subject's self-selected fast walking speed. By the third week, the subject was able to train at speeds that exceeded his self-selected fast walking speeds (eg, in week 4, session 12, his fast walking speed was 3.99 mph and his training speed was 4.5 mph). The training speeds exceeded the average baseline speeds for comfortable and fast walking but not for running.
In humans, stance/swing ratios change dramatically with increased speed of l o c~m o t i o n .~~p e e d changes in human gait are produced predominantly by changes in stance duration time, which shortens with increased speed. Improvemen& in our subject's gait noted after the combined treadmill-PBWS training may have stemmed from practice at speeds that were higher than his self-selected speeds and from activation of CPGs and the switching mechanism for the stance and swing phases, which is "trained" with repeated activation. Improved function of the switching mechanism then can be facilitated by attempts to ambulate at higher speeds without the treadmill-PBWS system.
Based on the results, it appears that practice speeds do not have to match a normal "switching" speed.gg As shown in Table 1 , our subject trained only at speeds of 4.5 rnph or below, yet he demonstrated an improvement in his ability to "switch" to a more normal running pattern (with shorter stance and longer swing phase) at higher speeds following the treadmill-PBWS treatment.
Heart Rate
The subject demonstrated improvements in cardiovascular status, as evidenced by (1) a steady progression of heart rate increase at greater treadmill intensities, (2) increased intensity and duration of training, and (3) evidence of a steady state at higher constant workloads than the subject was able to achieve earlier.
A training effect may be evident based on a decline in heart rate at a constant workload over several training sessions. For example, the subject's heart rate was 118 beats per minute (bpm) at 3.0 rnph in session 1 and declined to 96 bpm at 3.0 rnph by session 15. An overall increase in the intensity and duration of training was evident over time. Intensity increased from 3.0 rnph in session 1 to 4.5 rnph in session 11. The duration of training at a higher intensity also increased, as indicated by the subject's increased duration of training at 4.0 rnph (ie, 4 minutes in session 8 versus 12 minutes in sessions 15 and 16). The subject achieved 60% to 65% of maximum predicted heart rate (115-124 bpm) after approximately 15 minutes in most sessions (Tab. 3).
Use of the treadmill-PBWS system allowed the subject to train at higher speeds than was possible without the system, thus, theoretically, improving cardiovascular conditioning. A better assessment of cardiovascular effects would have been to use maximal oxygen uptake, which has been shown to correlate well with physical training, had this been available." Oxygen uptake, however, has been found to increase almost linearly with heart rate,:'-hich, for our study, provided a reasonable and clinically feasible substitute measure.
Conclusions
The treadmill-PBWS training used in this study produced improvements in the subject's gait performance off the treadmill. Effects were small for comfortable and fast walking speeds but larger for running speed. Improvements in gait variables may have been due to neural mechanisms influenced by retraining the stepping mechanism through CPG activation. Cardiovascular changes were noted by achievement of a steady state, with a corresponding decrease in heart rate at higher exercise intensities. The results of this single-subject experimental design study suggest that the treadmill-PBWS gait training technique holds sufficient promise for functional benefit to justify testing its efficacy in a larger group of subjects with neurological impairments.
